Extensive research has been undertaken in recent years for the development of the next generation of power devices, such as silicon carbide (SiC) and gallium nitride (GaN) devices, and high-speed switching circuits have been implemented. In such cases, high-speed switching operations may generate electromagnetic noise and a surge voltage in the power electronics circuits. Stray inductance and capacitance in the circuits are critical parameters of the noise and surge voltage. Therefore, it is important to design and analyze the stray inductance and capacitance of the direct current (DC)-side circuit of an inverter. This paper proposes a laminated bus bar design procedure in consideration of both the inductance and the capacitance of the bus bar. The effectiveness of the design procedure was tested using a buck converter circuit rated at 400 V and 70 A with an SiC MOSFET and SiC diode.
Introduction
A considerable amount of research has been carried out in recent years for the development of next-generation power devices, such as SiC and GaN device, and high-speed switching circuits have been implemented. In practice, full SiC-MOSFET modules have been on the market (1) , and GaN power devices have also been doing research and development (2) . In general, high-speed switching operations, such as highdi/dt and -dv/dt, may cause electromagnetic noise and a surge voltage in the circuits. Moreover, the stray inductance between a DC-capacitor and power devices is among the most important causes of surge voltage. Therefore, it is important to design the stray inductance of the DC-side bus bar of a power electronics circuit. A number of researchers have reported procedures to reduce stray inductance in the circuit. A laminated bus bar that can be set to very low stray inductance is widely used. The laminated structure is placed close to the positive and negative electrodes using thin insulation materials. Therefore, the mutual inductance of both electrodes is quite high, and the total inductance of the laminated bus bar is lower than that of a conventional bus bar using parallel lines (3) - (7) . Many papers have discussed the relationship between the bus bar inductance and switching operations (8) - (12) . On the contrary, the stray capacitance of the laminated bus bar between the electrodes is higher than that of the conventional bus bar, and depends on the structure as well as the permittivity of the insulation material. In order to analyze the noise and the surge voltage due to electromagnetic interference (EMI), parasitic parameters in the circuits, such as inductance and capacitance need to be carefully handled.
Some papers have discussed the resonance phenomenon due to stray capacitance in heat sinks, background patterns, and snubber capacitors (13) (14) . Therefore, it is well known that the stray capacitance can affect switching waveforms. However, the influence of stray capacitance in laminated bus bars with high-speed switching operations has never been analyzed in detail. The authors have in the past concerned the structure of the laminated bus bar in designing its inductance based on an inductance map (11) (15) (16) . This paper proposes a design procedure for a laminated bus bar by considering the influence of stray inductance and capacitance on it. In case of replacing the insulator between two electrodes, the surge voltage and the noise due to EMI can be restrained. It is clear that there is a relationship between the structure of the laminated bus bar and the resonance frequency of the equivalent circuit including the equivalent series inductance (ESL) of the DC-capacitor and the parasitic capacitance of the power devices. Furthermore, there is a design procedure for laminated bus bar structures of stray capacitance that prevents the resonance phenomenon considered the stray elements of the bus bars influence on. A buck converter circuit rated at 400 V and 70 A was used to experiment the effectiveness of the design procedure. In addition, three-types of the bus bars are designed, and the surge voltages and the resonance frequencies of switching waveform are also discussed by the experimental results. Figure 1 shows a simplified model of a laminated bus bar structure. The laminated bus bar consists of two copper plates (A and B) and an insulation material that is green in color. The copper plates are the positive and negative electrodes on either side of the input on the DC side of the converter circuit. The stray inductance depends on the structure of the copper electrode, whereas the stray capacitance is determined by this in conjunction with the structure and permittivity of the insulator. Generally, the insulation material needs to be installed to isolate the positive and negative electrodes. In order to clarify the relationship between the structure and the stray elements of the laminated bus bar, this paper proposes inductance-and capacitance-maps of laminated bus bars summarizing 40,000 analytical models.
Laminated Bus Bar

Inductance Map
This section presents an analysis method of deriving the total inductance of the laminated bus bar. The total inductance L BUS denotes the stray inductance of two bus bars while considering L A , and L B (the self-inductance of each bus bar) and M A,B (the mutual inductance between bus bars A and B). Because two streams of current flow through the bus bars in opposing directions, the total inductance of the two bus bars can be calculated as follows:
The total inductance of the laminated bus bar depends on both the length and the distance d. Figure 2 shows the total inductance map of the laminated bus bar with t and w set to 70 μm and 50 mm, respectively. The relationship between the wiring structure and stray inductance of the bus bar is clarified based on this map.
Therefore, it is important to analyze the surge voltage of the switching waveform. Generally, the surge voltage v surge of the power device is directly proportional to the total stray inductance L total which is the sum of stray inductance of wire, capacitor and power modules inside the circuit. v surge is then given by (2):
When a MOSFET is turned off, di D /dt takes a negative value. Therefore, the surge voltage v surge is beyond the DC voltage E d . In (2), di D /dt depends on device characteristics and the gate drive circuit. Therefore, the total stray inductance L total has to be designed considering the device characteristics.
Capacitance Map
The capacitance C BUS of the laminated bus bar depends on among the length , the distance d and the permittivity of the insulation materials is calculated as follows.
In this equation, ε r denotes the relative permittivity of the insulation material between electrodes, and ε 0 is the permittivity in a vacuum. Figure 3 shows a capacitance map of the laminated bus bar with t and w set to 70 μm and 50 mm, respectively. The horizontal axis represents the length of the bus bar and the vertical axis represents the bus bar distance d. Hence, these parameters are the same as in the inductance map. In this case, grass epoxy was used as insulation material, and thus the relative permittivity was set to 4.4. The following equation is a variation of (3) in order to clearly the relationship between the structure of the laminated bus bar and stray capacitance. Solving for d, the distance of the laminated bus bar is found as
As shown in (4), the distance d between both electrodes of the laminated bus bar is proportional to the length , if ε r and C BUS are constant value. The relationship between the wiring structure and the stray capacitance of the laminated bus bar is also clarified by the total stray capacitance map. Figure 4 shows the buck converter circuit consisting of the DC-capacitor, power devices and the bus bar wiring.
Resonance Analysis
Equivalent Circuit for Analyzing a Voltage Oscillation
It is clear that the parasitic parameter of the laminated bus bar affects the electronic circuit according to the resonance frequency of the equivalent circuit. The equivalent circuit was derived for the current path, as shown in Fig. 4 , when the MOSFET was turned off. Figure 5 shows the equivalent circuit where each electrical component is as follows: (5) shows impedance from the DC power supply E d in Fig. 5 , where ω is the angular frequency of the circuit.
When the imaginary part of (5) is set to zero, the impedance of the circuit can be minimized. The resonance frequency depends on the stray capacitance and the inductance of the bus bar, i.e., the structure of the laminated bus bar determines the resonance frequency of the circuit that satisfies (6), (7) and (8) . Therefore, the design of the bus bar needs to include the parasitic parameters of both the DC-capacitor and the power devices. Figures 6 and 7 show the relationship between the wiring structure of the laminated bus bar and the resonance frequency using the parameters shown in Table 2 . In this case, L BUS was derived from Fig. 2 , and C BUS was derived from Eq. (3).
The horizontal axis represents the length of the bus bar , and the vertical axis represents the bus bar distance d. When d is greater than 2 mm in Fig. 6 , the resonance frequency f 0 is influenced by the stray inductance in the circuit. Then, the resonance frequency f 0 is described as f 0L :
Conversely, the resonance frequency f 0 is affected by the stray capacitance of the laminated bus bar when d is less than 2 mm in Fig. 6 . Hence, the resonance frequency f 0 moves from f 0L to f 0C : Figure 7 is drawn when the related permittivity ε r is set to 80. In Fig. 7 , the resonance frequency f 0 is affected by the capacitance of the laminated bus bars because ε r in Fig. 7 is 18 times as large as that in Fig. 6 .
Equivalent Frequency of the Rising Waveform
When the MOSFET is turned OFF, it is assumed that the voltage waveform v DS changes from 0 to v MAX with a damping oscillation waveform, as shown by the solid line in Fig. 8 . Then, the dashed line in Fig. 8 indicates the fundamental waveform of the rising waveform. Generally, an ideal step-response waveform has multiple frequency components. However, it is assumed that the turn-OFF waveform can be replaced by a unique sinusoidal waveform (17) . Therefore, the dominant frequency component f cal of the rising waveform in v DS is given as follows:
t r in the above represents the rising waveform. If the resonance frequency f 0 is close to the equivalent frequency f cal in (11) , the voltage oscillation waveforms may appear the drainsource voltage of the MOSFET under turn-off operations. In other words, it is expected that the bus bar that prevents the above resonance phenomenon can be designed in consideration of the equivalent circuit analysis and the equivalent frequency of (11).
Design Procedure of the Laminated Bus Bars for Experiments
In order to confirm the effectiveness of the resonance analysis, three types of the bus bars (Bus bar I, II, and III) were designed according to this analysis. In this experiment, the stray inductances of three types were designed the same values.
Bus bars I and II were designed in order to investigate the influence of C BUS on the switching waveform. Here, the bus bars I and II had identical structure. Therefore C BUS changed only through the relative permittivity of the insulating material. Figure 9 shows the relationship between the relative permittivity of the insulating material and the resonance frequency using the parameters of Tables 1 and 2 .
Here, the values of ε r for the bus bars I and II were set to 1.0 and 80, respectively. Thus, the value of C BUS for bus bar II was 80 times that of bus bar I. Then, the bus bar I was expected to prevent the resonance phenomenon, because the resonance frequency f 0 of the bus bar I was far removed from f cal .
Bus bars II and III were designated to confirm the relationship between the resonance frequency and the amplitude of the oscillation waveform. The wiring structure and the insulating material of these bus bars II and III were different. Figure 10 shows the bus bar inductance line at 11 nH, and the bus bar capacitance lines at 680 pF when ε r was taken as 4.4 and 80, respectively. Thus, line length and distance d were set to different values. However, their frequencies were set to 28 MHz by (6) , so that L BUS and C BUS were almost identical. Figure 11 shows the layout of the designed bus bars. The power supply side was on the left-hand side, and the terminal connected to the DC-capacitor. In addition, the module side was on the right-hand side and was connected to the module terminal. The air core inductor was connected to the terminal of SiC-SBD in parallel as the load. Figure 12 shows pictures of bus bars I, II and III. Table 1 shows the details of the parameters of the bus bar, and Table 2 shows those of Fig. 5 . Here, the stray inductance L DC of the DC capacitor refers to the data sheet value (18) , and the L represents the wiring inductance inside the MOSFET module. The f 0 is the resonance frequency of the equivalent circuit.
Experimental Results
The DC-supply voltage E d was set to 400 V as an experimental parameter, and the turn-off current I D was set to 70 A. The detailed experimental conditions are shown in Table 3 . Figure 13 shows the experimental waveforms of v DS using bus bars I, II and III. The surge voltage v MAX and the resonance frequency f e of the experimental results are shown in Table 4 . The resonance frequencies f 0 and f e were identical; that is, the effectiveness of the resonance analysis using the equivalent circuit is clear from Tables 1 and 4 . Furthermore, the voltage waveform v DS using bus bar II appears as an oscillation waveform as shown in Fig. 13 . On the contrary, the use of bus bar I can prevent oscillation waveforms because f 0 of bus bar I was farther from f cal than that of bus bar II.
In the case bus bars II and III were used, the configuration of the waveform was almost the same even though both the wiring structure and the insulating material were different. Moreover, the surge voltages of v DS were also nearly the same because the stray inductances of the circuit were constant in the three-types of bus bars used.
Discussion of Design Procedure
In order to suppress the surge voltage during the turn-off operation, the stray inductance of the laminated bus bars should be set to low value. On the contrary, the resonant frequency of an equivalent circuit can be set to a lower value, because the stray capacitance of the bus bar increases.
The structure of the laminated bus bars that prevented from generating oscillation waveform is decided by Figs. 6 and 7. As a result, it is necessary to design the bus bar while considering both bus bar inductance and capacitance.
Conclusion
This paper proposed a design procedure of laminated bus bars to prevent resonance in the vicinity of power devices. The relationship between the structure for the bus bar and resonance frequency was clarified based on the analysis, and an equivalent frequency component containing the switching waveforms was discussed. It was found that the resonance frequency of a circuit containing parasitic parameters has to be designed to be higher than the equivalent frequency of the switching waveform. If the bus bar is appropriately designed, voltage oscillations under turn-off operations can be suppressed. Moreover, the effectiveness of the design procedure was confirmed by using a buck converter circuit at 400 V and 70 A using SiC power devices. 
